Diphtheria toxin (DT) reversibly increases the saturation of the long-chain C18 fatty acids (C18FA) in concentrations which are at least 100-fold smaller than the concentrations which completely inhibit host cell protein synthesis. The concentrations required for induction of the increase in the saturation of the C18FA in fibroblasts are 100-fold smaller than the concentrations for the epithelial cells. The increase in saturation of the C18FA was proportional to the concentration of DT. A cytopathic effect appeared with DT concentrations which induced a nearmaximal increase in the saturation of the C18FA, but the cells remained viable. However, at very high concentrations of DT and depending on the type of cell, there was no change in the fatty acids, and the treated cells disintegrated. Interferon, which also induces a reversible increase in the saturation of the C18FA (K. Apostolov and W. Barker, FEBS Lett. 126:261-264, 1981), produces a cumulative effect when used in conjunction with DT. This additive effect of DT and interferon is discussed in the light of other similar biological activities of these agents.
Diphtheria toxin (DT) is secreted by Corynebacterium diphtheriae lysogenized by the a phage. The toxin is coded by the tox gene of the phage. In the active state, the toxin consists of the two polypeptide units joined by a disulfide bridge. Unit B (38,000 daltons) is the cell receptor carrier and is involved in the internalization of DT, whereas unit A (24,000 daltons) produces the toxic effects. After attachment and entry into the cell the toxin (unit A) inactivates enlongation factor 2 by catalyzing covalent attachment of the ADP-ribosyl moiety of NAD+, which in turn causes the toxic effects by inhibition of host protein synthesis (8, 16) .
Recently, we demonstrated the capacity of some viruses and interferon to modify the saturation of the fatty acids in tissue culture cells (2, 4, 15) . The virulent Newcastle disease virus strains induced a progressive increase in unsaturation of the fatty acids, and conversely, Sindbis virus, coxsackievirus B6, and interferon induced a reversible increase in the saturation of the long-chain C18 fatty acids (C18FA). In this paper we show that DT also reversibly increases the saturation of the C18FA at concentrations which are more than 100-fold smaller than the concentrations which are needed for inhibition of host protein synthesis.
MATERIALS AND METHODS

Tissue culture. Primary bovine kidney cells (PBKC)
were kindly supplied as a suspension of calf kidney cells by D. Luther of the ARC Institute for Research on Animal Diseases, Compton, Berks. Upon receipt, these cells were washed. with phosphate-buffered saline (PBS) and, after mild trypsinization, seeded into tissue culture flasks and tubes and incubated at 37°C over a period of 5 to 6 days, when they achieved approximately 70%o confluence. The medium for growth of these cells (GM10) was medium 199 with Hanks salts (Flow Laboratories) supplemented with 10% newborn calf serum and 2 mM L-glutamine and containing the following antibiotics: penicillin (100 IU ml-1), streptomycin (100 ,ug ml-), and fungizone (2.5
Lg ml-).
Rabbit kidney cells (RK13) were obtained at a high passage number from G. Cristofinis of the Wellcome Research Laboratories and had been maintained in this laboratory for some time. These cells, too, were seeded into tissue culture flasks and tubes and incubated at 37°C with GM10 for 3 days, whence they had achieved approximately 70%o confluence.
Chicken embryo fibroblasts were harvested from the skin of 10-day-old chicken embryos by trypsinization. The resulting cell suspension was seeded into tissue culture flasks with GM10 and incubated for 3 days at 37°C until they had achieved approximately 70% confluence.
Human fibroblasts (MRC5) were obtained from Porton Down and had been maintained in this laboratory at 37°C on growth medium similar to that described for PBKC, but with 7.5% fetal calf serum in place of newborn calf serum and fungizone omitted. At Treatment of the various cell types with DT was accomplished by washing the cell sheet five times with PBS, followed by application of the required concentration of toxin in serum-free growth medium and 44 S ( incubation of the cells overlaid with the toxin at 37°C for 60 min. After this time unadsorbed toxin was removed, the cell sheet was washed five times with PBS, and the cells were overlaid with the appropriate -4 * 5 J \ growth medium. The cells were then incubated at 37°C for the required time, when they were harvested by rapidly freezing the washed cell sheet at -20°C, at which temperature they were stored until required for lipid extraction. which gave the optimal increase in the ratio of saturated to unsaturated C18FA at 8 h was preincubated with an equal volume of antitoxin (103 U ml-1) for 60 min at room temperature before applicaton to the cell sheet for a 60-nin incubation. The mixture was then removed, the cell sheet was washed, and the growth medium was replenished for a further 8-h incubation before harvesting.
antitoxin controls were set up without toxin.
Lipid extraction and fatty acid idendfication. Cells were disrupted by three cycles of freezing and thaw- ing. The total lipids were extracted, and the fatty acid methyl esters were obtained by the method of Blenkharn and Apostolov (3). The fatty acid methyl esters were separated by gasliquid chromatography under conditions previously described (2) and identified by comparison of retention times and cochromatography with authentic fatty acid methyl esters (Sigma Chemical Co., St. Louis, Mo.).
RESULTS
The kinetics of the increase in the saturation of the C18FA in cells treated with DT as a ratio of the peak heights of stearic acid (C18:0) over the combined peaks of the unsaturated C18FA is shown in Fig. 1 . This ratio is shown only because we could not find any significant saturation changes in the other major fatty acids-the C16 fatty acids-or, indeed, the other fatty acids extractable from the treated cells. The kinetic changes in the saturation induced by DT in cells of human origin (MRC-5), bovine origin (PBKC), and fowl origin (CEF) as well as a cell line from rabbits (RK13) are shown. It is clear that the fibroblast cells are at least 100 times more sensitive than the epithelial cells. However, the kinetic curve of the saturation increase is of similar shape in all of the cells, with initial response at 4 h, a peak at 8 to 10 h, and a return to normal values at about 18 h. It is noteworthy that with these cells and at these concentrations of DT there was no cytopathic effect, and after the pulse treatment applied in these experiments the cells remained viable and RK13 cells could be subpassaged.
In Fig. 2 for the same cells as in Fig. 1 . It is again clear that the fibroblasts are more sensitive than the epithelial cells. The dose response of the MRC-5 cells was of a curious, irregular, dromedary shape, and further study is needed to explain this finding. At concentrations higher than the ones shown in Fig. 2 there was complete intoxication of the cells. There was no change in the saturation ratio of the C18FA compared with the control. Cell metabolism stopped; the cells were not viable and disintegrated on further incubation. A noticeable transient morphological change in the form of increased granularity and rounding of the cells was observed with concentrations of DT producing near-maximal change in the saturated C18FA increase at about 8 h posttreatment, as indicated by the arrows in Fig. 
2.
The specificity of the effects of DT on the saturation of the C18FA is demonstrated in Table 1 . The incubation of DT with antibody to DT (antitoxin) before application to the cultures inhibits the effects of toxin on the cells.
Because of the similarity in the kinetic effect of DT and interferon, it was decided to compare the two in identical experimental conditions with human as well as chicken interferon (2) . From the results presented in Fig. 3 it is apparent that treatment of the same cells by DT and interferons produced a summation of the effects on the C18FA. It is also interesting that in the MRC-5 cells treated with interferon alone or in combination with DT, a relative increase in unsaturation (rebound effect) was evident in samples collected after 24 h (Fig. 3B) . DISCUSSION DT, in common with interferon, Sindbis virus, and coxsackievirus, reversibly increases the saturation of the C18FA without a significant effect on the other fatty acids (2, 15). The increase is concentration dependent and also depends on the origin of the cells ( Fig. 1 and 2) .
The mechanism of DT cell toxicity, as generally accepted, is that it inactivates the elongation factor (elongation factor 2) involved in polypeptide chain elongation, thus inhibiting host cell protein synthesis. However, the concentration required for demonstration of this effect at 10-7 to 10-8 g ml-' is at least 100 times higher than the concentrations used in these experiments for eliciting the optimal effect on the saturation of the fatty acids ( Fig. 1) (1, 8) .
The high concentrations which inhibit the elongation factor in our experiments did not produce any changes in the C18FA saturation and did not produce a cytopathic effect in the form of increased granularity and rounding of the cells, but the treated cells ceased to be viable and disintegrated. On the other hand, the concentrations which produced the increase in the saturation of the C18FA, including those concentrations which induced the transient cytopathic effect, were relatively low. The effect was reversible, and the cells remained viable (Fig. 1) . Again, as with interferon, Sindbis virus, and coxsackievirus, the change was in the saturation of the C18FA only. As expected, antitoxin (antibody) incubated with DT inhibited the effect on C18FA (Fig. 2) .
The finding that both interferon and DT reversibly increase the saturation of C18FA led to setting up the experiment depicted in Fig. 3 and the demonstration of the additive activity of DT and interferon in this respect. A review of the literature revealed a surprising list of similar biological effects for both agents. The most interesting and topical are the toxic and the cell growth inhibitory effects. The toxic effects of DT in vivo have been known for a long time, but only relatively recently the toxic effects of DT in vitro in tissue culture cells led to the unraveling of the molecular mechanism of inhibition of protein synthesis (8) . As for interferon, until recently the lack of toxicity was its hallmark. However, when higher concentrations of more pure material became available, it was found that interferon is toxic both in vitro and in vivo (20) . Interferon purified on monoclonal antibody columns and given to humans in sufficiently high doses produced systemic toxic effects similar to the known effects of DT. It was also interesting that interferon in intradermal injections produced a reaction similar to that produced by DT (16) . The capacity of interferon for inhibition of cell division and tumors is now well documented (9-11, 14, 18) .
It has also been claimed that malignant cells and tumors in mice were selectively inhibited by DT (5, 12) , but these claims have not been confirmed by other authors. However, recently it was shown that after trypsinization transformed cells are made more sensitive to DT than untransformed cells (21) .
These and the other unique properties of DT raised the question of the biological raison d'etre of the toxin. Apparently, the tox gene does not provide survival advantage to the phage. It is not involved in its replication and has no known function. The lysogenation of C. diphtheriae by the tox gene-bearing phage is of little consequence to the bacterium and may even kill the host. It has been speculated that the tox gene could have been picked up by the phage from a eucaryotic cell (17) .
In this context, one could pose the question of whether the tox gene (or more specifically, the gene for the A unit) is a fossil interferon. Enhancement by DT of interferon inhibition of virus replication was also reported recently (1) .
It is plausible to speculate that this enhancement could be due to the summation of their effects on the saturation of the C18FA (Fig. 3) .
As discussed above, the changes in C18FA saturation lead to important functional changes in biological membranes. We postulated that the main effect of interferon could be the regulation of saturation of the C18FA, and most of the actions of interferon could be due to the consequent change in physical properties of the cell membrane (2) . The increase in saturation is reflected in the decrease in membrane fluidity (7) and could explain the increased cell membrane density after interferon treatment (6) . The increased membrane rigidity could explain the capacity of interferon for inhibiting virus release, syncytia formation, and possibly cell division. Increased membrane rigidity could also affect the metabolic rates of a range of lipid (membrane)-dependent enzymes and thus contribute to a general inhibition of cell metabolism (19) .
